Abstract: Whereas thin melanomas have an excellent prognosis after sufficient surgical treatment, melanoma disease in advanced stages is still a therapeutic challenge. After decades of frustrating studies, new therapeutic strategies have come up in the past few years. On the one hand, increasing insights into the molecular aberrations in melanoma have led to specific "targeted" therapies to affect only the mutated tumor cells, as in many other types of cancers. Today there are few "targeted" substances which are already approved and successfully used for single or combination therapy, but many others are under development. While on the other hand, nonpersonalized strategy substances have been developed successfully inducing an immunologic tumor response. Both kinds of therapy have been found to result in an improvement not only of the response rate, but also of the overall survival in metastatic disease, which represents a milestone in melanoma therapy. However, using these therapies there is still much to learn regarding the effects, the side effects, and the limitations of these promising substances.
Introduction
In countries with a fair-skinned population, the incidence of melanoma is increasing faster than in any other type of cancer -a fact, which has led to the use of the term melanoma "epidemic". 1, 2 The incidence rate per year is rising by 2%-7% annuallythus it doubles around every 10 years. 3, 4 This impressive rise in incidence may be due to several factors, including behavioral changes, better early detection by screening instruments, changes in diagnostic criteria in histopathology, and perhaps also the change in the medico-legal climate. 2, 5 Whereas surgical procedures are usually the treatment of choice with primary tumors, regional disease, and single metastases, an inoperable tumor manifestation requires a systemic therapy. For many years various chemotherapeutic regimen have been applied, either as monochemotherapy or as polychemotherapy, which in general did not result in an improvement of progression-free or overall survival, but sometimes in severe toxicities. 6 The development of new substances, targeted therapies, and immunologic substances has completely changed the former treatment guidelines for metastatic disease in melanoma. 2, 7 This review focuses on the new development in therapy and future perspectives. Nevertheless, the chemotherapeutical procedures still remain an option in treating metastatic melanoma.
Targeted therapy
The number of mutations found in melanoma is high compared to the number in other metastatic tumors. This may be due to the fact that ultraviolet (UV) light is involved in the pathogenesis of melanoma. 7 The analysis of the mutational status of melanoma disease clearly shows that the various clinical manifestations of melanoma also differ in their molecular changes, which subsequently will be of importance for therapies directed against tumors bearing a distinct mutation. According to the findings of molecular studies in melanoma, the unifying concept of one melanoma disease which is mainly based on dermatopathologic criteria is outdated. 8 However, the knowledge of the mutational landscape in melanoma alone does not help in the development of therapeutic strategies. Concerning the high rate of mutations it must be differentiated which mutation is causative in the disease (driver mutation) and which is only a bystander mutation (passenger mutation). 8 Approval of single substances directed against mutated proteins has dramatically changed the options available in melanoma therapy. The most important task for the future will be to overcome primary and, even more important, secondary resistance to the targeted therapeutics. In addition, the understanding and management of the frequent side effects of these new therapies have to be improved.
BRAF
BRAF is a key member of the rat sarcoma (RAS) mitogenactivated protein kinase (MAPK) pathway which regulates cell growth and proliferation. Mutation of BRAF has been reported in about 50% of all melanomas and in most of the melanocytic nevi, which implies that the mutation per se is not responsible for malignancy in melanocytic proliferations. However, due to the fact that in BRAF (and NRAS) wildtype melanoma five times more mutations are observed (or needed) it may be speculated that the relative specificity of BRAF/NRAS mutations for the disease is quite high. 9 Most of the mutations of BRAF are found in exon 15, at codon 600 (V600). 10 In about 75% of the mutations in that area valine is substituted by glutamic acid (V600E). Other substitutions include valine by lysine (V600K) (about 20%) and valine by arginine (V600R). For the available diagnostic tests for the detection of BRAF mutation it is of great importance not to overlook the abovementioned mutations beside V600E, which account for about one quarter of all mutated cases. BRAF mutation, and in part also the special type of substitution, correlates with age, localization of the primary tumor, sun damage, and, in part, geographic region. In primary melanoma, the presence or absence of a mutant BRAF gene has no impact on the disease-free interval or overall survival.
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For the detection of a BRAF mutation in melanoma tissue various approaches are possible. Immunohistochemistry (IHC), which can be applied to paraffin-embedded material, has been described as highly sensitive to, and specific for, the detection of V600E mutations 12 ( Figures 1-3 ). The drawback of IHC is that mutations other than V600E are negative. Therefore, it has been recommended to combine IHC with one of the molecular techniques like pyrosequencing or high resolution melting (HRM) analysis, starting with IHC and -if negative or uninterpretable -adding the molecular procedure. 13, 14 It has also been reported that if, in a single patient, several samples were tested for the presence of BRAF mutation (Sanger DNA sequencing), discordant results have been obtained in 13.5% of those patients. 15 In case of discordance, both constellations were observed: wild-type in the primary tumor and V600E in metastases and, vice versa, V600E in primary tumor and wild-type in metastases. The presence of a BRAF mutation cannot be ruled out with certainty by a single test. 15 Sorafenib as a drug, which acts as a pan-inhibitor of BRAF, has largely failed in the treatment of melanoma. 16 The breakthrough of targeted therapy in melanoma has been achieved with the introduction of mutation-specific inhibitors of BRAF, namely vemurafenib and later dabrafenib, both of them now approved in various countries for the treatment of BRAF-mutated metastatic melanoma.
Vemurafenib has been found to show high response rates in a Phase I study, where the dosage of 960 mg twice daily was established. 17 In the following Phase III study (BRIM3) 18 vemurafenib was compared to the former most commonly applied chemotherapeutical agent dacarbazine, 1,000 mg 
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Treating advanced melanoma and intensity during treatment with vemurafenib were the development of a rash, in some associated with a severe photosensitivity (UVA), arthralgia, and the development of keratinocytic neoplasia (namely keratoacanthoma; squamous cell carcinoma; wart-like proliferation of the skin). 18, 19 The development of epithelial tumors is explained by a paradoxical activation of the MAPK-pathway in BRAF wild-type cells. 10 These tumors are controlled by excision or, if larger areas are affected, by photodynamic therapy. The occurrence of epithelial tumors during the treatment with vemurafenib does not require a discontinuation of the therapy. There are also a few reports that secondary melanomas may develop under therapy. These melanomas have been found to be mainly of BRAF wild-type. 20, 21 However, it has been questioned and discussed whether all of the melanocytic lesions developed under BRAF inhibitor therapy biologically described as melanoma really represent melanoma or if at least some of those lesions might be melanocytic nevi which have been activated by the drug, as seen in other situations like UV exposure of nevi. 22, 23 The second substance directed against mutated BRAF, and already approved in many countries, is dabrafenib. Like vemurafenib this substance showed comparably high response rates and a progressive-free survival advantage compared to standard therapy. 24 In contrast to the very similar efficacy of both BRAF inhibitors, the toxicity and the side effects differ considerably. Dabrafenib-treated patients far less frequently develop epithelial tumors and photosensitivity, while under therapy with dabrafenib fever is more frequently found. However, compared to chemotherapy the side effects are usually mild and manageable. 25 A newer inhibitor, LGX818, has been found, in a Phase I trial, to also show a high response rate (58%) and even a response rate of 11% in patients pretreated with a BRAF inhibitor. 26 The major objective in developing new BRAF inhibitors is to overcome the paradoxical activation of the Erk1/2 pathway in wild-type cells with the subsequent development of epithelial and melanocytic neoplasms.
Some patients with BRAF-mutated melanoma do not respond to therapy with these specific inhibitors. This may be due to either a primary or secondary resistance to the drug, both of great importance in targeted therapy. BRAF-mutated melanoma contain a lot of additional mutations which have been shown to overcome the effects of BRAF (and MEK) inhibitors and lead to a primary resistance to the drug (reviewed by Shtivelman et al). 7 Secondary resistance develops after a period of successful medication. This secondary resistance may be due to an alteration of the initial mutation dacarbazine given intravenously every three weeks. The response rates were 48% for vemurafenib compared to 5% in dacarbazine. In this study, which was published rapidly, the overall survival rate was calculated as early as 6 months after initiation, showing an increased overall survival rate for the vemurafenib group. An update of the results of the BRIM3 study presented some months later showed a median overall survival rate of 13.9 months for vemurafenib compared to 9.6 months in the dacarbazine group. Other studies underlined the impressive response rates in vemurafenibtreated patients. 19 After decades of a frustrating search for new drugs for metastatic melanoma, the published results were sensational.
The side effects of the BRAF inhibitor therapy completely differ from those observed in conventional chemotherapy. The most important side effects concerning frequency 
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Tronnier and Mitteldorf in the BRAF gene or the activation of alternative pathways. 7 Cell growth and proliferation are controlled by a network of pathways consisting of various key proteins which might be mutated and then influence each other, either by activation or inhibition. Consequently, the interaction at one single checkpoint will not be successful in the long-term. There is some evidence that intermittent dosing of vemurafenib after the maximum response to therapy has been reached may contribute to prolonging the response duration. 27 Nevertheless, most patients developed a resistance after a certain period of treatment and the relapse of the disease is characterized by a very rapid regrowth of the metastatic disease.
Therefore, in patients with a proven BRAF mutation and rapid progress of the disease, these inhibitors should preferably be applied to achieve a fast reduction of the tumor mass.
MEK
In the MAPK pathway MEK is a downstream target and the only known substrate for BRAF. 28 In BRAF-mutated melanoma the orally available MEK inhibitor trametinib (GSK1120212) was compared to chemotherapy and clearly showed improvement in the progression-free survival rate (4.8 months versus 1.5 months). 29 The overall toxicity is mild, including rash, cardiac dysfunction, ocular side effects, diarrhea, peripheral edema, and hypertension. Other MEK inhibitors successfully tested in melanoma are selumetinib and MEK162. 30, 31 Patients who did not respond to vemurafenib usually did not show any improvement after MEK inhibitors either.
Combination of BRAF and MEK inhibitor
Around 50% of the patients treated with BRAF inhibitors show a progression of disease after several months. 19, 24 The resistance to BRAF inhibitors is associated with a rapid recovery of the MAPK pathway corresponding to a rapid clinical progression. A complete inhibition of the MAPK pathway is obtained by the combination of BRAF and MEK inhibitors which may delay or prevent MAPK-dependent resistance. 25 Another advantage of this combination is that the paradoxical activation resulting in BRAF wild-type tumors may be reduced. The combination of dabrafenib with trametinib showed a significantly higher response rate (76% versus 54%) and significantly longer progression-free survival (9.4 months versus 5.8 months) than after therapy with dabrafenib alone. 32 The incidence of epithelial tumors (squamous cell carcinoma/ keratoacanthoma) was impressively reduced to 2% in the group receiving 2×150 mg dabrafenib and 1 mg trametinib and to 7% in the group receiving 2×150 mg dabrafenib and 2 mg trametinib, compared to 19% after monotherapy with 2×150 mg dabrafenib alone. 32 Also, the frequency of rashes was lower in patients receiving the combination. In summary, these results are very promising, indicating a clear advantage of the combination of targeted therapies which seems to be more effective, equally or less toxic, but surely more cost intensive.
NRAS
NRAS mutations are observed in about 20% of melanoma. Compared to NRAS/BRAF wild-type patients, those with NRAS mutations seem to have a worse prognosis. 33 So far, there is no single targeted substance to treat NRASmutated melanoma, but targeting the downstream effectors of NRAS may be a treatment option. 7 Monotherapy with MEK inhibitor MEK162 revealed a response rate of 21% in NRAS-mutated melanoma. 31 In the near future, more data concerning the combination of MEK inhibitors with targeted substances to other pathways (PI3K; mTOR) are expected for the treatment of NRAS melanomas.
KIT
Mutations in the receptor tyrosine kinase KIT are especially found in melanomas from special sites, namely acral melanoma, mucosal melanoma, and melanoma located in sundamaged skin (lentigo maligna melanoma). KIT mutations in melanoma are quite rare. Most of them are observed either in exon 11 or exon 13. 34 Comparing the immunohistochemical analysis of KIT expression and the mutational status in melanomas in KIT-typical sites, 81% of tumors showed at least a partial expression in IHC, but in only 15% of the investigated cases a KIT mutation could be proven by molecular techniques. 35 Because immunohistochemical-negative tumors did not carry a mutation, a statistically significant association of immunohistochemistry status and mutational status was found in this study. However, for the therapeutic strategy, differentiation between KIT amplification and KIT mutation is of great importance. Selective inhibitors of KIT (imatinib; sunitinib; nilotinib; dasatinib) which were developed for and used for the treatment of other types of cancer (such as gastrointestinal stroma tumor [GIST] or chronic myeloid leukemia) became of interest concerning melanoma treatment. Sunitinib has shown a clinical response in three out of four KIT-mutated melanomas, but only in one out of six melanomas with KIT amplification only. 36 In a Phase II trial using imatinib in selected melanomas (acral; mucosal; sun-damaged skin), again the majority of 
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Treating advanced melanoma response has been observed in cases with KIT mutation (77%) compared to KIT amplification (18%). 37 As with other targeted substances, trials combining various substances are under way, so even better response rates may be expected for this type of melanoma in the future.
Immunologic therapy
Melanoma is a highly immunogenic tumor which may undergo regression. Immunological strategies in therapy of localized and metastatic melanoma have a long tradition. So far, therapies for disseminated disease modulating the immunologic response like interferons, interleukins and others have been quite disappointing. Also, vaccine therapy directed against melanoma targets has not shown significant clinical responses as yet.
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CTLA-4
As a control mechanism, around 48 hours after the initial T-cell activation by interaction of B7 on antigen presenting cells (APC) with the CD28 T-cell receptor, the cytotoxic T-lymphocyte antigen 4 (CTLA-4) binds with a higher affinity to B7 interrupting the activation. Applying an antibody against CTLA-4 means "to remove the foot from the brake" and to further activate the T-cell. 39 Ipilimumab (Ipi) is a fully humanized IgG 1 recombinant monoclonal antibody, which in a Phase III trial showed, compared to gp100 peptide vaccine, a significantly improved overall survival in unresectable stage III and stage IV melanoma. In this study, three groups randomized in a 3:1:1 ratio (Ipi plus gp100; Ipi alone; gp100 alone) were compared. An improvement in the overall survival of 3.6 months in patients receiving Ipi was observed. 40 The Ipi dosage given was 3 mg/kg bodyweight four times every 3 weeks. However, in this study the immune-related adverse effect rate (grade 3 and 4) was 10%-15% compared to 3% in the group given gp100 alone. The total number of immune-related toxicities during therapy with Ipi must be expected to be around 60%. The most frequently observed events were gastrointestinal immune-related events (diarrhea; colitis) and other autoimmune inflammations (hypophysitis; thyroiditis; hepatitis); in such cases an early intervention with cortico steroids is mandatory. 40 With increasing experience with this therapy such severe immune responses can be detected at an earlier stage, resulting in a lower grade 3 and grade 4 toxicity. If there is a response to Ipi treatment at all, some of them are long-term responses. Ipi was also found to be effective in patients with brain metastases, especially in the subgroup of non-symptomatic (small) metastases. 41 The presence of antibodies to NY-ESO-1, an antigen expressed in advanced melanoma, and a rise in absolute lymphocyte count in the blood, increase the likelihood of a response to Ipi. 42 Comparing the treatment of previously untreated melanoma patients either with Ipi plus dacarbazine or dacarbazine alone revealed a higher overall survival rate with the combination Ipi with dacarbazine (11.2 months versus 9.1 months, respectively). The survival rates after 3 years were 20.8% in the Ipi/dacarbazine group compared to 12.2% in the dacarbazine group. 43 The combination also showed a clearly higher rate of adverse events (grade 3 or 4) with 56.3% compared to 27.5%. In this study, Ipi was given at a dose of 10 mg/kg bodyweight. 43 The response to Ipi as an immunologic reaction appears slowly but may be long lasting. On the other hand, the response of BRAF inhibitors in BRAF-mutated melanoma appears early, but may be soon overcome by resistance. Consequently, Ipi and BRAF inhibitors were given in combination in patients with BRAF-mutated melanoma. 44 Out of the 28 patients who were treated first with vemurafenib and subsequently with Ipi, 12 had a rapid disease progression resulting in death with a median survival of only 5.7 months. However, those patients who were able to complete treatment with Ipi showed an overall survival rate of 18.6 months, indicating that the sequential use of these substances may improve the patients' outcome.
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PD-1/PD-L1
Another interesting key point in immunologic tumor response is the PD-1 receptor located on T-cells and its ligand PD-L1 located on cells of solid tumors like melanoma. The interaction between the PD-1 and its ligand results in a downregulation/termination of the immune response against the tumor. The inhibition of the interaction is associated with increased antitumor activity. 45, 46 The human antibody nivolumab is directed against PD-1, which in a Phase I trial produced a response in 28% of the melanoma patients. More than half of these responders were long-term and lasted 1 year or longer. The best response was observed with a dosage of 3 mg/kg bodyweight. The overall toxicity rate (296 patients) was 41%, but grade 3 or 4 toxicity was observed in only 6% of these cases. 46 Most often, diarrhea, rush, and pruritus were observed. The most severe side effect was the development of pneumonitis, which caused three drug-related deaths. 46 Interestingly, the response to PD-1 antibodies may, at least partially, be predicted by the immunohistochemical detection of the PD-L1 on the tumor cells. 46, 47 Lambrolizumab is a humanized IgG4 antibody directed against PD-1. In a Phase I trial with 135 melanoma patients 
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Tronnier and Mitteldorf it showed a response rate of 38% across all dose cohorts. 48 The highest response rate was 52% and was observed using the dose of 10 mg/kg bodyweight given every 2 weeks. Most of the responses became evident after 12 weeks and were long lasting (In 81%, lasting more than 11 months). The response was not dependent on whether the patient had received Ipi before or not. Adverse effects were reported in 79% of patients, most frequently fever, chills, fatigue, and myalgia, but mild forms thereof.
A Phase I trial using the human IgG4 antibody against PD-L1 (BMS-936559) in 55 patients with melanoma showed a response of 17% across all dose cohorts with the best response (29%) after 3 mg/kg bodyweight. 49 Toxicity was generally mild and manageable, but 9% of patients had grade 3 toxicity. A second antibody against PD-L1 which has been under investigation in a Phase I trial is MPDL3280A showing an overall response rate of 29% in 44 patients treated for melanoma. 50 Taken together, these second-generation immune checkpoint inhibitors are characterized by an enhanced efficacy and less toxicity compared to ipilimumab. 25 
Intralesional immunotherapy
If an immunotherapy is applied topically/intralesionally, a regression of the treated metastasis should be achieved, but also an immunologic response at distant sites is desired. 51 As early as around 50 years ago, the first studies using Bacillus Calmette-Guérin were performed in oncology. In 1974, a study with 151 patients who were treated with Bacillus Calmette-Guérin was published, reporting a local response rate of 90%, a response at distant sites in 17%, and some long-lasting remissions. 52 Despite some promising results, the therapy has been abandoned because of some more severe side effects and some other studies which could not confirm the initial results. Other substances used for a topical immunomodulatory therapy were GM-CSF and the interferons alpha and beta. 53 Again, at least in some cases, systemic responses were found in addition to local tumor control. 54 Local tumor response was also observed using intralesional interleukin-2, which showed a complete response in 78% of treated lesions. 55 One of the more recently-developed substances for local treatment is allovectin (velimogene aliplasmid), which consists of a plasmid encoding for HLA-B7 and beta2-microglobulin. Transfected tumor cells are able to induce an immune response by induction of cytotoxic T-cells and macrophages, which is locally effective in non-treated tumor tissue. 56 Another development is the treatment with genetically manipulated oncolytic viruses. 51 Talimogene laherparepvec (T-Vec) is a herpes simplex virus type 1, in which ICP34.5 has been replaced by ICP47 (a sequence encoding for human GM-CSF). This replacement results in a tumor-selective replication and in an increase of GM-CSF. 57 A Phase III randomized trial comparing T-Vec with GM-CSF vaccination revealed a clear increase only in the long-term response rate (survival more than 6 months; 2.1% versus 26.4%) in the T-Vec arm. 58 CAVATAK™ consists of the genetically unmodified coxsackie virus A21 which has an enhanced affinity to melanoma cells compared to normal cells. This is due to the fact that the decay-accelerating factor, which interacts with the virus, is upregulated on melanoma cells. Studies treating patients with advanced melanoma with CAVATAK™ are under way.
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Future perspectives
During the past few years the management of patients with metastatic melanoma has undergone an impressive shift. 59 Individualized targeted therapy shows response rates that have never been described in melanoma before. However, early development of resistance is the major drawback of this therapy. This might be overcome by the combination of various targeted substances. Combined therapy leads to increased response rates, but not necessarily to increased toxicity as observed after the combination of chemotherapeutic substances. Responses to immunomodulatory treatment need more time to become evident but, if the tumor responds, the time of duration might be longer. The best therapy, therefore, is not a question of tumor stage, but is dependent on the individual mutational status and how rapidly the tumor progresses. Currently, knowledge of the various factors which may be involved in tumor escape is limited. Besides, a genetic heterogeneity of melanoma autocrine properties and a modulation of the tumor environment by tumor cells must be considered. 60 Sequencing various therapies, finding of new immunologic key points, and developing further targeting substances, in addition to an advanced understanding of resistance mechanisms, will certainly further improve the treatment of melanoma disease in the near future. Beyond the well-established therapy with interferon-alpha, new approaches are also expected for the adjuvant treatment of melanoma.
